Conservation, repair and strengthening of historic masonry buildings should preserve their significance and ensure their structural stability. The condition of a given structure and the extent of damage determine the type of action needed. Grouting is a well-known remedial technique, which can be durable and mechanically efficient whilst preserving the historic value. Still, the selection of a grout for repair must be based on the physical and chemical properties of the existing materials. Parameters such as rheology, injectability and stability of the mix should be considered to ensure the effectiveness of grout injection. In addition, the bond strength of the grout to the existing material is the most relevant mechanical property. Several commercial lime based grouts are available but it is unclear what are the applicable standards and requirements. This paper evaluates the behavior of commercial grouts under laboratory conditions. First, the properties of the grouts as an independent product are assessed with the objective to perform a comparative analysis of their behavior subjected to different conditions (temperature and working time of grout after mixing). Then, the behavior of the grouts when used in combination with stones used in the construction of masonry buildings is addressed (granite, schist and limestone), again considering different conditions (dry, wet and saturated). It is shown that the performance of the commercial products is rather different and careful selection of injection materials in practical applications is recommended.
Introduction
Grouting constitutes one of the most common techniques applied for the repair and strengthening of masonry structures, either in presence of voids or cracks. The technique requires that cracks and voids are interconnected to an extent that the grout can easily flow in the existing materials. This technique recovers the continuity of the existing material, providing a more homogeneous material, and increasing the cohesion and strength of the damaged structural elements, with minimal changes in their morphology and in the loadbearing system. Given that grouting is an irreversible intervention, the design of the grout as well as the method of its application to historic structures must satisfy a series of performance requirements, namely compatibility. The performance requirements involve aspects such as injectability, bond and durability, and they are set on the basis of an overall approach of the structure to be repaired, before and after intervention. The selection of grout requires information on the construction type and the dimensions of the structure, the nature of the existing materials, the nominal minimum width of voids to be filled and the distribution of voids, the possible presence of soluble salts and the desired behavior after repair.
Formulation of compatible materials for mortars or grouts to be used in conservation of ancient masonry structures is complex, due to specific requirements such as low modulus of elasticity and adequate strength, as well as the need of a physically and chemically compatible behavior with the existing materials. In the specific case of grouts for injection, the requirements are even more demanding. The complete and uniform filling of masonry voids with grout is essential in consolidation works [29] for a successful intervention. The success of this operation depends on parameters such as the distance between the injection holes, the injection pressure, the rheological properties of the grout, the water absorption capacity and the general condition of the masonry (number and width of cracks) [34] .
Based on the required performance of the structure, the composition of the grout should improve the behavior of the injected system without affecting its durability. The use of lime-pozzolancement grouts seems to be one of the most attractive options [31] . Even if grout formulations remain, mostly, an empirical process, the effectiveness of ternary compositions has been proven in experimental studies in one and three leaf walls [31, 32, 26, 21, 37] . Alternatively, hydraulic grouts (natural hydraulic lime or cement grouts) have been proposed [23, 9, 5] . The injectability characteristics of grouts [24, 25, 6] as well as the effect of the addition of other materials (fly ashes, silica fume, plasticizers and superplasticizers, among others) on their behavior [10, 4, 22] have been recently studied.
Despite the fact that several formulations are proposed by different researchers, many commercial ready-mix grouts are available in the market and have been either frequently prescribed by designers or proposed by specialized companies in the area, mostly because of their easy preparation, quality control and guaranteed performance. The attractiveness of using commercial grouts mainly consists of the possibility to overcome the difficulty in formulating a suitable grout composition. Commercial grouts have been specifically formulated for this purpose, and guarantee a greater uniformity in properties and a better flow control. The preparation of these premixed grouts requires only water and no special equipment. The composition of commercial grout is varied and the description of their composition in technical data sheets is vague. Several applications of ''in-situ" consolidation and laboratory tests of commercial grouts are available in the literature [7, 33, 19, 30] .
If commercial grouts are used, this means that it is impossible to define specific properties for a given application and the cost of these products is usually higher than prescribed formulations. Even if these materials are used frequently, e.g. consolidation of the towers of the Cathedral of Porto in [20] , very few studies have been devoted to the characterization of their effectiveness and to a comparison between different products. Technical information is usually scarce and it remains unclear which standards should be used for quality control and which requirements are applicable. Thus, the objective of the experimental program presented here is to compare the properties of commercial grouts, providing a range of properties found and alerting for the adequate selection of injection materials. Durability tests for one of the commercial grouts are available in Luso [21] but these are outside the scope of this paper and are less relevant for practical applications.
Grout performance
It is consensual that grouts to be applied in masonry walls of ancient buildings should: (i) have good bond to masonry materials such as stone or brick; (ii) have low or no shrinkage, in order not to create additional stresses, to limit the loss of adhesion between grout and existing material, and to reduce moisture penetration through shrinkage cracks; (iii) have low segregation and exudation to maintain the volume and consistency, (iv) have high fluidity and injectability, in order to provide a proper flow and to fill both large and small openings and interconnected voids, even using low pressures; (v) resist to soluble salts, possibly present in the walls, and limit the salt contents that can be transmitted to the existing material. Other properties might need to be adjusted to a given case, such as: development of strength in early days; size of the aggregates in the composition; strength and elasticity modulus; thermal expansion coefficient, among others.
The compliance with the above requirements is greatly defined by the constituting materials of the grout, namely binder(s), aggregates, water and additives. In general, a binder with water is used, without sand but possibly with some fine aggregate (filler). The design of lime-based grouts for strengthening of historic masonry buildings seems to follow rather empirical procedures, with the related uncertainties, both in terms of cost and efficiency [24] . The ingredients and the final product must be compatible with the old materials in the masonry structure being repaired but there is no test available for this parameter. Still, the chemical and mineralogical properties of the components have to be identified and an effort needs to be made to prevent any negative interaction [28] .
There are no specific standards to determinate the main properties of masonry injection grouts. Normalization concerns, mostly, cement grout, mortar or concrete and the existing standards are often used only as for guidance, having to be adapted. In this paper, the workability of grouts is determined by a series of rheological tests (fluidity, stability and bleeding) used by other researchers. The injection grout is also evaluated in terms of its injectability and penetrability. The properties of the hardened material are determined by mechanical tests, namely bond, deformability and flexural and compressive strength. Recent research [31, 8] has shown that tension and shear bond along interfaces between external leafs and the infill, in three leaf walls, constitute the basic mechanism of integrity and resistance of multi-leaf walls. Therefore, in the present work special attention, is given to bond between injection grout and stone substrate.
Tests on commercial grout basic
In order to verify the requirements of building materials, the usual procedure is to assess their behavior under laboratory conditions. The first phase of the experimental program described herein is devoted to the characterization of commercial grouts and aims at determining the properties of the grouts independently of the substrate material, allowing to obtain a range of properties for these products. The tests considered include fluidity tests, exudation and segregation tests, and flexural and compression tests.
Commercial lime-based grouts available for use in existing masonry structures are scarce. The materials chosen in this study were: Mape-Antique I, from Mapei, Albaria Iniezione from BASF, Calce per Consolidamento from Cepro and Lime-Injection from Tecnochem. Hereafter, the grouts are designated as A, B, C and D, respectively. The grouts were mixed using a simple mechanical mixer during 10 min, as it is current practice in local engineering practice. The water used for mixing the products respected the technical datasheet for each product, ranging from 0.35 for grout A to 0.6-0.65 for grout C.
Products A and B are very similar in terms of tone (light beige). Grout D has a grayish color and a texture with small dark grains, which make this grout very distinct from the other materials. Finally, product C is the whiter grout and is very easy to crack, in light of its rather weak strength. The description and the properties of each grout according to the respective producer, are presented in Table 1 . It is noted that the information available is rather different and, in some cases, incomplete, which further stresses the need to define widely accepted standards and a single procedure for product technical approval.
Fluidity
Fluidity is a very important property of grout, which can be directly correlated with its capacity to fill the largest possible number of voids in the interior of masonry. To determine the fluidity a test using a standardized and calibrated conical funnel dimensions (commonly known as the Marsh cone) is normally adopted. The tests measure the flow time and here six tests were carried out with each of the products, considering different values of temperature of mixing water and environment (10°C, 20°C and 30°C) as well as different times between grout preparation and flow measurements (0, 30 and 60 min), see Fig. 1 . The values obtained showed very similar results for A, B and D grouts at 30°C. Product A seems to be consistently sensitive to temperature, with flow time doubling for 10°and 20°C. Products B and D were found to have some sensitivity to one of the temperatures. In general, products can be used up to one hour after mixing without increase in the flow time. For product C it was impossible to find an average flow time for any of the temperatures used, as the flow of the grout stopped after starting the test. This means that this product cannot be used at low injection pressures.
Exudation and segregation
After filling a container with a mixture of water and hydrophilic binders, a layer of water will appear on the surface with a marked water-grout separation line. This separation will increase with time, at least in the initial phase of the process. In case of grout injection, this phenomenon affects the quality of the injection, because the upper part of a pore cannot be filled due to the excess of water. The tests were performed according to EN 445 [15] and ASTM C940 [3] , which vary in the instant to measure exudation, namely 3 h and 24 h after mixing.
EN 447 [16] specifies that 3 h after the end of mixing the exudation value should be smaller than 2% of the initial volume. According to Vintzileou [36] exudation is considered excessive when it is larger than 5%. All products fall within the threshold value suggested by Vintzileou [36] and EN 447 [16] , see Fig. 2 . Product A presented the higher percentage of exudation, although within acceptable limits.
Flexural and compressive strength
In order to characterize the strength of the grouts, as well as the hardening evolution over time, prismatic specimens of 160 Â 40 Â 40 mm 3 were molded and were tested after 28, 90, 180 and 360 days of curing, see Fig. 3 .
Compressive strength of grout injection is measured for each grout on six half-specimens obtained after rupture of the original specimen during the flexural test (three tests). The test procedure adopted was in accordance with EN 445 [15] , whereas, in similar investigations, [33, 31] slightly adapted EN 196-1 [14] standard, used for cement mixes. In general, the compressive strength of the selected grouts increased with time. Products A and B exhibit higher compressive strength than C and D. Grout C presents the lowest flexural tensile strength. All strength values seem to stabilize within 180 days of curing. The maximum flexural strength value is obtained for product A followed by D.
Tests on masonry properties
The second phase of the experimental program described herein is devoted to the characterization of commercial grouts when applied to masonry. For this purpose, three different of stones were used, namely schist (good quality hard stone), yellow granite (with some deterioration) and ''moliano", a soft, limestone, which are representative samples of natural stones used in the construction of masonry buildings in Portugal. The tests considered include injectability tests, compressive and tensile strength of injected cylinders and bond strength of grout to stone.
Injectability
The aim of this test was to determine the performance of grout injection within different granular materials as substrate. Based on a literature review and after some preliminary tests, cylindrical acrylic molds were constructed, with a height of 300 mm and a diameter of 150 mm. After filling the mold with the different granular materials, each grout was prepared with water at 20°C and mixed for exactly 10 min, using the same procedure adopted in the fluidity tests. The pressure used for filling the cylinders (0.15 MPa) was constant due to the use of an injection equipment known as ''pressure pot". The time required for the complete filling of the cylinders for each commercial product used in different stones was recorded, see Fig. 4 . The results of injectability tests for the commercial products are presented in Fig. 5 . The graph shows the average time that each product required for the complete filling of the mold for the three stones used (schist, yellow granite and limestone) with a 50% volume of voids. It can be seen that all products gave similar performance for schist, which is a less porous material. For the deteriorated granite, products A and C require much larger injection times than the other two products, whereas product A is also requiring far more time of injection than the rest of the products for limestone.
Mechanical characterization of stone/grout cylinders
After removing the molds, the cylinders described in the previous section were cured in a humid chamber during 28 and 90 days. Subsequently, uniaxial compression tests on three of the cylinders and diametrical compression tests in the other three cylinders were carried out, see Fig. 6 .
The tests for compressive strength (fc) were performed under control of axial displacement (5 lm/s), which allowed the characterization of behavior of the material after obtaining the maximum load (post peak), namely by obtaining the fracture energy (Gf) and the ductility index (du). The measurement of displacement was done using displacement transducers (LVDT's -linear variable differential transformers). To obtain the modulus of elasticity, the procedure specified by standards LNEC E 397 [12] and ASTM C469 [2] was used. The estimated values correspond to the average slope of the straight linear regression curves in the stress r vs. strain e diagram at each LVDT, in the last four unloading/reloading cycles. The procedure for determining the fracture energy is described by Jansen and Shah [18] and Vasconcelos [35] . This post-peak energy is spent per unit area and was obtained by integrating the stress r vs. displacement d diagram, up to a post-peak ratio r/fc = 1/3, see Fig. 7 .
The ductility index is used to define the ductility of materials under compression, and reads: Tables 2-4 show the average values of the compressive strength (fc), as well as the respective estimated modulus of elasticity (E), fracture energy (Gf) and ductility index (du). They present also the corresponding coefficients of variation in brackets. Only one stone (schist) and two grouts have been considered for the 90 days testing (C and D) due to storage limitations.
Analyzing the results of the uniaxial compression tests, the similar behavior in terms of strength for products A and B is evident, as is their difference in respect to the other two grouts. Also, the high compressive strength obtained by these two products is noted, especially for yellow granite and limestone, as well as high modulus of elasticity (from 15 to 20 GPa) compared to values from 3 to 7 GPa for D and from 2 to 4 GPa for C. The following aspects are also to be noted: (a) Product C has relatively low strength, particularly for yellow granite and limestone; (b) The observed values appear to be in agreement with those obtained in the compressive tests of the grout by itself, with higher values for B, and slightly lower values for A, D, and finally C, with the lowest values; (c) In general, injections using yellow granite and limestone as substrates provide higher strength when compared with the schist, even if this does not apply to all products; (d) An increase of strength of 33% was obtained for products C and D, from 28 to 90 days. The increase of strength of the grout alone, from 28 to 90 days, was 73% for C and 16% for D, which indicates that there is no correspondence between the values in the isolated grout test and the tests in cylinders made of grout and stone.
There was a linear response up to approximately 60% of the ultimate load, especially in products A and B, after which visible cracking started to occur. The behavior of the grout and stone cylinders seems to be governed by their capacity to absorb energy. The fracture energy is higher for materials A and B, when compared to C and D. Figs. 8 and 9 present dispersion graphs for the specimens of each type. The shaded area represents the envelope of the individual stress-strain diagrams for the different specimens. The graphs show results for schist for the four products (28 days for A and B, and 90 days for C and D). The graphs show that there is an apparent higher ductility in solutions C and D, when compared with the other products. Comparing the values of fracture energy in compression resulting from these tests with the values for concrete in Model Code 90 [11] , there seems to be some similarity in results, see Fig. 10 . The fracture energy proposed in the code follows the equation: Fig. 7 . Procedure used for determination of the post-peak fracture energies [18, 35] . This expression is valid for concrete with values of compressive strength between 12 and 80 MPa. The results with schist and product C at 28 days appear to deviate from the values for concrete, as well as the values obtained in cylinders with granite and grout D, also at 28 days. For the ductility index, Model Code 90 (CEB-FIP, 1993) proposes an average value of 0.68 mm for concrete with a maximum of 1.6 mm when fc < 12 MPa and a minimum of 0.33 mm for fc > 80 MPa. Again, products C and D seem not to fit the model proposed for concrete, see Fig. 11 .
Standard EN 12390-6 [13] defines the process of determining the tensile strength by diametral compression (or indirect tension). The tensile strength of the specimens with breaking force F, height of the specimen l, and diameter of the specimen d is given by:
Tables 5 -7 show the average values of the tensile strength (f t ), as well as the ratio between compressive and tensile strengths. The highest values are obtained once again for products A and B.
The results show also that some correlation exists between the results obtained in the compression tests and the indirect tension tests. The ratio between compressive and tensile strengths is around 10% for products A and B, and is around 14% for products C and D.
Bond strength characterization
One of the most important requirements of grout injection is the bond strength to the substrate. This is because the binding mortar/support is usually the weakest mechanical link, which controls the strength of masonry and its durability. Researches on the bond between stone and grout interfaces have been made by Adami and Vintzileou [1] , Perret [27] , Toumbakari [31] , Miltiadou [23] and Figueiredo [17] , using prismatic and cylindrical test pieces. No standards are available to stipulate the specimens and the preparation of the samples.
Here, the bond between stone and grout is characterized using pullout tests, providing the maximum tensile force applied in a circular area of grout with a diameter of approximately 48 mm applied to the stone substrate using a plastic mold. The three different stones used in the previous tests were considered (yellow granite, limestone and schist) with three different states of moisture content: (i) ''wet" when the stones were placed in a humid chamber for at least two weeks with temperature conditions of 20°C ± 2°C and relative humidity of %95%; (ii) ''dry" when the specimens were placed inside the laboratory at open air; (iii) ''saturated" when pieces were submerged in water for 24 h. In the case of schist, it was not possible to prepare the specimens with saturated stone, because the plastic molds could not be properly bonded.
The samples were tested at 28 and 90 days of age and the bond stress (f d ) is the ratio of the force obtained (F t ) and the initial section area of the grout specimen (A). The tests were performed using displacement control at a rate of 2 lm/s, see Fig. 12 . Table 4 Mechanical properties of compressive tests on specimens with limestone. Coefficients of variation (%) in brackets.
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In Fig. 13 the tensile bond strength results for yellow granite are graphically presented. The results indicate that the highest bond is obtained for granite in the ''wet" state, when compared with those obtained in ''dry" and ''saturated" pieces. For the yellow granite, the maximum bond was obtained for all grouts in the ''wet" state, with a bond strength of 1.26 MPa obtained at 90 days of age for Product A. Products C and D presented values near 0.7 MPa in the ''dry" state at 90 days of age and poor results were obtained in granite both in the ''wet" and the ''saturated" state. The lowest bond strength value obtained was with granite saturated with 0.23 MPa.
In limestone, the bond strength is significantly worse. The test could not be performed in the majority of the samples, because the detachment of the grout occurred prior to it being tested. For schist the bond strength obtained is below those for granite, although grout A had satisfactory results too, see [21] . In conclusion, product A seems to have a better and uniform behavior, when compared to the other grouts and when tested in the three stones, even with different moisture contents. Limestone ++ À À ± Observations: Product D requires constant stirring, because it has a tendency to segregate. The best is indicated by ''++", acceptable is indicate by ''±" and ''À" indicates inappropriate.
Conclusions
The experimental campaign in the present paper considered four commercially available lime based grouts for consolidation of masonry structures. The selected products presented very different characteristics, both in terms of measurable properties using selected tests, as well as in terms of color, texture and workability.
For the tests performed in the laboratory significant differences were obtained between the products evaluated, both in terms of fluidity, mechanical properties or sensitivity to stone type of the substrate, humidity and temperature conditions. In particular, it is noted that the use of wet stone substrate severely deteriorates the bond strength and that very low bond was found in the presence of a limestone substrate. Here, the aim was a comparative analysis between the available grouts, without an individual classification or the definition of minimum requirements. The obtained results allow to better select grouts and define technical specifications. Table 8 presents, for each property, the symbols ''++" ''±" and ''À", for the best, acceptable and inappropriate result. It is noted that: (a) the highest strength of the grouts is not the most relevant property and it is not necessarily beneficial for the masonry behavior, even if this also provides the highest strength in the stone and inject grout cylinders; (b) most procedures adopted are not standardized, so the results must be accepted with some caution.
